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Background: Quasifission (QF) has gained tremendous importance in heavy-ion nuclear physics research because
of its strong influence on superheavy-element synthesis. Collisions involving closed-shell nuclei in the entrance
channel are found to affect the QF reaction mechanism. Hence, it is important to improve the understanding of
their effect on QF. Apart from that, some recent studies show that the difference in N/Z of reaction partners
influences the reaction dynamics. Since heavier doubly magic nuclei have different N/Z than lighter doubly
magic nuclei, it is important to understand the effect of N/Z mismatch as well as the effect of shell closures.
Purpose: To investigate the effect of entrance-channel shell closures and N/Z asymmetry on QF. The reactions
were chosen to decouple these effects from the contributions of other entrance-channel parameters.
Method: Fission fragment mass-angle distributions were measured using the CUBE fission spectrometer,
consisting of two large area position-sensitive multi-wire proportional counters (MWPCs), for five reactions,
namely, 50Cr + 208Pb, 52Cr + 206,208Pb, 54Cr + 204,208Pb.
Result: Two components were observed in the measured fragment mass angle distribution, a fast mass-asymmetric
quasifission and a slow mass-symmetric component having a less significant mass-angle correlation. The ratio of
these components was found to depend on spherical closed shells in the entrance channel nuclei and the magnitude
of the N/Z mismatch between the two reaction partners, as well as the beam energy.
Conclusions: Entrance-channel spherical closed shells can enhance compound nucleus formation provided the
N/Z asymmetry is small. Increase in the N/Z asymmetry is expected to destroy the effect of entrance-channel
spherical closed shells, through nucleon transfer reactions.
DOI: 10.1103/PhysRevC.97.054603
I. INTRODUCTION
Nuclei having certain numbers of neutrons and protons
are more strongly bound than neighboring nuclei. These are
referred to as closed-shell nuclei or sometimes as “magic
nuclei” in the literature. The nuclear shell model can explain
these magic numbers up to Z = 82,N = 126. But the predic-
tion of the next spherical shell closure is model dependent.
Different models predict the next proton shell closure to be
between Z = 114 and 126 [1–4] and neutron shell closure at
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N = 184. An increased decay lifetime for nuclei in this region
is predicted due to shell stabilization.
Intense efforts have been made in the past few decades
to produce superheavy elements (SHE) near the next shell
closures using heavy ion fusion reactions [2,5,6]. Experiments
either use the spherical magic target nuclei 208Pb (doubly
magic) and 209Bi with suitable projectiles in cold-fusion
reactions [7,8] or the spherical doubly magic projectile 48Ca
on suitable actinide target nuclei [9,10] in hot-fusion reactions.
Many new elements have been discovered, the latest being Nh
(Z = 113), Mc (Z = 115), Ts (Z = 117), and Og (Z = 118)
[11,12]. However, the production cross sections for SHE are
very small and hence it is crucial to understand the reaction
mechanism so that the optimal combination of projectile and
target nuclei can be used.
The main challenges in SHE production are the fission
processes which suppress the evaporation residue (ER) cross
sections. The two different modes of fission that reduce the
ER formation probability are compound nucleus fission (CNF)
and quasifission (QF). In the case of CNF, the compound
nucleus (CN) is formed but often does not survive due to
repulsion between the huge number of protons and breaks in
two fragments, often of comparable masses.
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Survival against compound nuclear fission depends on
excitation energy, since fewer steps in fission-evaporation
competition should greatly favor superheavy-element synthe-
sis. QF, on the other hand, is a much faster process where target-
like and projectile-like nuclei separate soon after capture; thus,
the system does not fuse to form a compact CN.
The contribution of quasifission becomes more significant
as the Coulomb repulsion quantified by the charge product
ZpZt (Zp is projectile atomic number and Zt target atomic
number) of the reaction partners increases. Hence, QF is more
important for very heavy nucleus formation [13–15]. A number
of studies showed that QF also depends on other entrance-
channel properties like entrance-channel mass asymmetry
[16], neutron richness, and deformation of the reaction partners
[17–19]. However, the mechanism and properties of QF are still
not well understood and we need more systematic studies to
gain a better understanding.
Since closed-shell nuclei are used as target and/or projectile
for SHE production, it is important to investigate their role
in the reaction dynamics, and more specifically on QF. Work
by Simenel et al. [20] showed the effect on QF of the total
number of closed shells in the two colliding nuclei (defined
there as “magicity”), the results suggesting that quasifission is
reduced when more magic numbers are involved in the entrance
channel, i.e., maximum QF reduction when both the target and
projectile have closed-shell N and Z. To isolate the influence
of magic numbers, we need to eliminate effects due to other
parameters that are known to influence the reaction dynamics,
such as entrance-channel mass asymmetry, charge product
ZpZt , fissility and deformation of the heavy reaction partner.
In this study, we also investigate in detail the dependence
of QF on the N/Z values of the projectile and target nuclei.
For this purpose, a set of reactions (50,52,54Cr + 204,206,208Pb)
were carefully selected. Since the nuclei 204,206,208Pb are closed
shell or nearly closed shell, they are essentially spherical in
nature [21]. This eliminates the possibility of influence of
target deformation. QF characteristics were studied using the
mass-angle distribution (MAD) method. Mass-angle distribu-
tions have long been used to study quasifission [13,14,22],
in particular the differences in timescales of CNF [23] and
QF [13,14,24,25]. CNF occurs on a longer timescale [23]
compared to deep inelastic [26] and quasifission [27]. In CNF,
the formation of a compact compound nucleus “erases” any
memory of the masses and directions of the colliding nuclei;
thus, no correlation of mean fragment mass with angle remains.
In the case of QF, the timescale is short and a complete
rotation may not take place [14,24]. This gives rise to a
correlation between mass and angle of the fission fragments.
In general, the faster the quasifission, the stronger is the
correlation in the MAD and wider is the mass distribution.
In Sec. II, we discuss experimental detail followed by
the analysis and results in Sec. III. The interpretation of the
obtained results is given in Sec. IV, and the conclusions are
given in Sec. V.
II. EXPERIMENT
The experiments were carried out at the Australian National
University, using the 14 UD tandem electrostatic accelerator
followed by superconducting linear post-accelerator. Pulsed
TABLE I. Target thickness.
Target Backing Backing thickness Target thickness
(μg/cm2) (μg/cm2)
204Pb natC 20 400
206Pb natC 20 160
208Pb natC 20 150
beams of 50,52,54Cr in the energy range of 257 to 292.7 MeV
were used for these measurements. Isotopically enriched tar-
gets of lead sulfide were mounted on a target ladder whose
normal was rotated by an angle of 60◦ with respect to the beam
direction to avoid shadowing the fission detectors [15]. Target
thicknesses are given in Table I.
Five reactions were measured in this work, namely 50Cr +
208Pb, 52Cr + 206,208Pb, 54Cr + 204,208Pb, which form different
isotopes of Sg (Z = 106). The bombarding energies in this
work ranged between E/VB = 0.97 and E/VB = 1.09, where
E is center-of-mass energy and VB is the capture barrier of the
corresponding reaction calculated based on systematics [28].
The experiment was performed using the CUBE spectrometer
[29]. Two fission fragments were detected in coincidence
using two large-area position-sensitive multiwire proportional
counters (MWPC) of area 28 × 36 cm2. The angular coverage
of the detectors were 5◦ to 80◦ and 50◦ to 125◦. Two silicon
surface barrier detectors were mounted at 22.5◦ on the either
side of beam direction for beam monitoring. The details of the
experimental setup can be found in earlier papers [15,29].
III. ANALYSIS AND RESULTS
A. Extraction of MADs and mass-ratio spectra
The position and time information, obtained from the
MWPC detectors, were initially converted into velocities in
the laboratory frame. Assuming binary events, the velocity
of the center-of-mass frame (v‖) was determined [30] for
each event. Gating on the strong peak at the v‖ expected for
each Cr + Pb measurement, reactions with light impurities
could be completely rejected. The fragment velocities in the
center-of-mass frame were then determined. The mass ratio is
defined as MR = m1/(m1 + m2), where m1 and m2 are masses
of the fission fragments at scission. The value of MR was
obtained from momentum conservation and is given by
MR = v2/(v1 + v2), (1)
where v1,v2 are center-of-mass velocities of the fission frag-
ments. The center-of-mass angle (θc.m.) was also determined
for each event and mass-angle distributions (MAD) were then
extracted for all the reactions as shown in Figs. 1 and 2. The
elastic and inelastic events can be seen as intense groups near
MR = 0.2 and 0.8.
Mass-ratio distributions were extracted from these MAD
spectra by projecting on the mass-ratio axis. For the heaviest
fission fragments, traveling to the most backward angles,
detection efficiency was reduced due to low signal height. This
is visible in the MAD plots (Figs. 1 and 2) as a reduction in
counts for θc.m.  135◦ and MR  0.7. In order to avoid this
low-efficiency region, and biasing due to detector geometry,
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FIG. 1. MAD and mass ratio distribution for reactions leading
to CN 258Sg. For a given reaction (arranged in a row), the energy
increases to the right. Excitation energy (E∗), E/VB , fissility (χeff ),
entrance channel magicity (NM ), N/Z asymmetry [(N/Z)], and
capture barrier (VB ) are given on the top of each MAD (see text). Fast
quasifission events are marked by the red solid ellipse. Dashed lines on
MADs at the highest energies guide the eye for mass-angle correlation
of the slower QF component. The mass-ratio projections for each
MAD are given below. The black circles are experimental mass ratio
and the red lines show the best fitted curves. The background functions
are shown by blue lines. Magenta circles and lines show extracted and
fitted symmetric components, respectively.
an angular cut of 90◦  θc.m.  135◦ was applied to obtain the
mass distributions. These cuts are shown by the black lines in
the MAD spectra. In general, because of their high energy loss,
Cr + Pb reaction products that entered the detectors, from DIC
to symmetric fission, were detected with very high efficiency.
FIG. 2. Same as Fig. 1 for 50,52,54Cr + 208Pb.
B. Features of the MAD spectra
We first discuss the nature of the obtained mass-angle dis-
tributions. MADs for 50Cr + 208Pb, 52Cr + 206Pb, and 54Cr +
204Pb are shown in Fig. 1 for four beam energies. These spanned
the calculated [28] capture barrier energies VB as indicated.
All these reactions form the same compound nucleus 258Sg.
Figure 2 shows MADs for reactions of 50,52,54Cr with the same
target nucleus 208Pb, in the energy range E/VB = 0.97 to 1.07.
Here, the 50Cr + 208Pb plots are the same as in Fig. 1. They are
reproduced in Fig. 2 for easy comparison.
As a function of E/VB , the main features of the MAD
show a consistent systematic behavior. The quasielastic scat-
tering (also including deep inelastic scattering with little
mass change) at MR  0.2 and 0.8 gives the largest yield.
At the highest E/VB , this decreases significantly at angles
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FIG. 3. Total kinetic energy as a function of MR for the reaction
50Cr + 208Pb at E/VB = 1.07. The quasielastic (QE), deep inelastic
(DIC), and quasifission (QF) are indicated. Fast quasifission is
highlighted by the red ellipse as in Figs. 1 and 2.
backward of 120◦ and for MR value 0.2 (projectile-like nuclei)
as increasing cross sections for energy-dissipative processes
including capture deplete this component. Apart from the
fission component peaked at mass symmetry (MR = 0.5)
discussed later for some reaction, there are two distinct features
in all MADs: (i) a component with a small rotation angle
and mass change (MR  0.3 and 0.7 for the complementary
fragment) that is consistent with short sticking time and
(ii) events with larger rotation angle and mass change (spanning
MR = 0.3 to 0.7) associated with longer sticking time, yet
still showing a strong mass-angle correlation associated with
quasifission. At the lowest energies, the fast component is
seen at the most backward angles covered by the detectors
(120–135◦ for the projectile-like fragment), as indicated by
the ellipses drawn to guide the eye. As the energy increases,
the fast component spreads toward forward angles, as far as
45◦ in the case of the highest energies. The small mass change
and rotation angle indicates this component results from a short
sticking time.
The nature of this component can be clarified by investi-
gating the correlation of mass ratio with total kinetic energy
(TKE). An example for 50Cr + 208Pb at E/VB = 1.07 is shown
in Fig. 3, where the ellipse highlights the fast component. The
TKE distribution is continuous with those of more symmetric
quasifission, and thus appears to correspond to fully damped
events. The mass flow toward symmetry and the essentially
full damping of kinetic energy justify in our view the label fast
quasifission. However, these events merge with fully damped
binary events with little mass change (deep inelastic), which
in turn merge into the partially damped and then quasielastic
events, indicating that these physical process evolve smoothly
from one to the other [15].
In addition to the fast QF yield, a substantial contribution
from symmetric-peaked fission is seen in the region 0.3 <
MR < 0.7 for a few reactions (e.g., 52Cr + 208Pb in Fig. 2) at
low beam energy. The lack of mass-angle correlation (within
experimental uncertainty) for these events indicates that these
are from slower quasifission and/or compound nuclear fission,
contrasting with the faster quassifission components that shows
FIG. 4. Comparison of MR distribution when projected over the
two different θc.m. range for the reaction 52Cr + 206Pb.
a strong mass-angle correlation. This symmetric fission com-
ponent will be discussed in detail in Sec. IV.
C. Mass ratio distribution spectra
The MR distributions, shown in Figs. 1 and 2, are obtained
by projecting MADs on the MR axis. Figure 4 shows two
mass-ratio distributions, which are obtained by projecting
MAD over the angular range of 90◦  θc.m.  135◦ and 45◦ 
θc.m.  135◦. For the angular cut 45◦  θc.m.  135◦, the shape
of the background becomes symmetric due to mirroring [29]. In
principle, this could lead to a spurious symmetric component
by mirroring a peak located away from MR = 0.5. Because
of this, an asymmetric cut of 90◦  θc.m.  135◦ was applied
for the further study in order to avoid the generation of any
spurious symmetric feature. The projected MR spectra (on a
slightly extended MR scale) are shown in Figs. 1 and 2 below
the corresponding MADs. The quasifission mass-ratio spectra
show a “U”-shaped distribution. This is consistent with the
systematic study by du Rietz et al. [15], where MADs were
divided into three categories, namely MAD1, MAD2, and
MAD3. The shortest timescale reactions (MAD1) are expected
for entrance channel charge product ZpZt > 1800 and are
empirically characterized by a “U”-shaped mass yield. For
Cr + Pb reactions, ZpZt is 1968, which therefore fit into the
category of MAD1 [15]. For 50Cr + 208Pb and 54Cr + 204Pb
(Fig. 1), the spectra are similar at the same E/VB . The slope of
yield versus MR around MR = 0.5 is correlated with the mean
angle of emission of the mass asymmetric fast quasifission
fragments. As the angle changes with E/VB , the slope changes
as well for the given angular range. For these reactions,
there is no evidence of a symmetric peak corresponding to
mass-symmetric fission. In contrast with the above reactions,
52Cr + 208Pb shows a peak at mass symmetry at the lowest
E/VB . The mass-ratio spectra for higher E/VB also suggest a
peaked mass-symmetric component on a background of events
which show similar trends with energy to the 50Cr + 208Pb and
54Cr + 204Pb reactions.
In order to quantify the symmetric peaked yield, we need
to determine the yields of the “U”-shaped fast quasifission
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component which overlap with the symmetric-peaked fission
component. Hence, we fitted the experimental mass distribu-
tions with a fast quasifission background function combined
with a Gaussian distribution having centroid at MR = 0.5.
We assume that the QF has the same functional form at the
same E/VB for all the reactions. The form of the background
function was chosen such that it can fit mass distributions of
the reaction 54Cr + 204Pb at all energies. This reaction does
not show any peaklike structure even at the lowest energy,
indicating that symmetric fission in this reaction has a very
small contribution. For the rest of the reactions, the same
background shape was used to estimate the symmetric fission
contribution with respect to 54Cr + 204Pb. It should be noted
that the background function is not symmetric around MR =
0.5 because the experimental mass distributions were obtained
by projecting the data for the angular range 90◦  θc.m. 
135◦. So, we need a background function that would also
be asymmetric in nature and would not generate a spurious
symmetric peak after background subtraction. The detail of
the fitting of the background function is given in the appendix.
The standard deviation of the Gaussian peak was fixed at 0.07,
which is consistent with other neighboring systems where a
symmetric fission contribution is significant [20,31]. The fitted
functions are shown in Figs. 1 and 2: The red solid curves
represent the total fit and the blue dashed curves represent the
fast quasifission background. When subtracted, this reveals any
residual symmetric fission contribution, shown by magenta
circles. The symmetric-peaked fitted Gaussian functions are
shown by the magenta dash-dotted lines.
IV. INTERPRETATION
A. Reactions forming 258Sg
To investigate the role of different entrance channel param-
eters, first we will discuss the three reactions 50Cr + 208Pb,
52Cr + 206Pb, and 54Cr + 204Pb, which form the same com-
pound nucleus 258Sg. MADs for these three reactions (shown
in Fig. 1) are arranged so that reaction with similar E/VB are
in same column. The values of excitation energy E∗, E/VB ,
entrance channel magicity, effective fissility [15], and N/Z
target-projectile asymmetry which is defined as (N/Z) =
(N/Z)t − (N/Z)p are given on the top of each row. All the
reactions show a similar type of mass-angle correlation with
a strong presence of mass asymmetric quasifission. It is clear
from Fig. 1 that only the mass distributions for 52Cr + 206Pb
show a peak at MR = 0.5 while the other two reactions do not
show any peak even at the lowest energies. The mass symmetric
fission yields are defined as the area under the peak in the range
of MR = 0.5 ± 0.07. This range corresponds to the standard
deviation of the symmetric-peaked Gaussian used in the fitting.
The symmetric fission (P ) to total fission (including QF) (T )
ratios (P/T ) were then extracted for all the mass distributions
to get a measure of the contribution from slow fission to the total
mass-symmetric fission-like events. Figure 5 shows the P/T
values of all the reactions as a function of E/VB . 50Cr + 208Pb
and 54Cr + 204Pb have very small P/T values which do not
show any energy dependence, whereas 52Cr + 206Pb yielded
higher P/T values over the entire energy range compared
FIG. 5. Symmetric-peaked fission (P ) to total fission (T ) ratio (in
the range of 0.43  MR  0.57) for reactions of Cr with Pb. Lines
guide the eye.
to other two reactions indicating a higher contribution from
symmetric fission.
To summarize, the same CN, formed at similar excitation
energy or E/VB with the comparable entrance channel mass
asymmetry, having identical ZpZt , shows different fractions
of symmetric-peaked fission. This indicates the influence
of entrance-channel parameters other than charge product,
deformation, and mass asymmetry. The effective fissility val-
ues (χeff ) for 50Cr + 208Pb, 52Cr + 206Pb, and 54Cr + 204Pb
are 0.782,0.772, and 0.763, suggesting that χeff also cannot
explain the higher P/T in 52Cr + 206Pb. Out of these three
reactions, 50Cr + 208Pb and 52Cr + 206Pb have two magic
numbers in the entrance channel and the third one has only
one magic number, in the target. By considering the entrance
channel magicity NM (the total number of magic numbers in
target and projectile), the higher yield of symmetric fission in
52Cr + 206Pb, compared to that of 54Cr + 204Pb, can be justi-
fied. However, the reaction 50Cr + 208Pb shows no symmetric
fission peak, though it has the doubly magic target 208Pb.
However, if we compare the (N/Z) values for the three
reactions, 50Cr + 208Pb has the highest (N/Z) among these
three reactions. Therefore, the symmetric fission yield in these
reactions can not be explained solely by considering one of
the above-mentioned parameters. It seems the magicity along
with the difference in N/Z between projectile and target nuclei
decides the quasifission dynamics as proposed in Ref. [20].
B. Reactions with 208Pb
To investigate the reaction dynamics further, we consider
the three reactions on the same target 208Pb with different
projectiles 50,52,54Cr (Fig. 2), forming different isotopes of
Sg. At lower energies, the 52Cr- and 54Cr-induced reactions
show a peak near MR = 0.5 which becomes less visible at
higher energies. Figure 5 shows that the P/T values at the
lowest energies are very high (>0.50) for 54Cr + 208Pb and
52Cr + 208Pb and fall rapidly with increase in beam energy,
whereas 50Cr + 208Pb has the lowest P/T values over the
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FIG. 6. Same as Fig. 1 for all Cr + Pb reactions at similar below-barrier energies (E/VB ∼ 0.98). The reactions are ordered from left to
right, first by the numbers of magic numbers NM , then by the N/Z asymmetry, i.e., decreasing (N/Z).
entire energy range and does not change with E/VB . The
reaction 52Cr + 208Pb has NM = 3 and very high P/T val-
ues, in agreement with the idea that entrance-channel magic
numbers influence the reaction dynamics. On the other hand,
the two reactions 50,54Cr + 208Pb have the same NM value but
50Cr + 208Pb has a negligible amount of symmetric fission.
N/Z asymmetry (N/Z) is less in 54Cr + 208Pb compared to
50Cr + 208Pb. Comparison of these reactions is also consistent
with the picture that the N/Z asymmetry and number of
closed-shell configurations are both deciding factors for the
QF dynamics.
C. Dependence on entrance channel characteristics
To present most clearly the role played by different
entrance-channel parameters, we arrange all the five reactions
at the lowest and highest measured energies in Figs. 6 and
7, respectively. The MADs are arranged first according to
increasing NM values; for cases where NM is the same they are
ordered by decreasing (N/Z). It is clear that the symmetric
peak is more prominent for reactions that have higher NM
and smaller (N/Z). This trend is present at both below- and
above-barrier energies, but at the sub-barrier energies (Fig. 6)
the contributions of the symmetric peaks are more visible.
Quantitatively, this is seen in the P/T values in Fig. 5.
The P/T ratios for all the five reactions, at the lowest
energies, are shown as a function of NM in Fig. 8. There are
three reactions with NM = 2 showing wide variation in P/T
values but there is a correlation as P/T is higher for reactions
with smaller (N/Z).
1. Magic numbers
By selecting reactions with similar (N/Z), the effect of
NM can be isolated. Figure 9 shows P/T (the symmetric-
peaked to total yield in the range of 0.43  MR  0.57) as
a function of NM . For energies below VB [Fig. 9(a)], the
two systems with the smallest (N/Z) ∼ 0.25 show a rise
from 0.10 to 0.74 ± 0.10 as NM increases from 1 to 2. For
(N/Z) ∼ 0.35, there is a smaller rise from NM = 2 to 3, with
slightly smaller values of P/T . At the highest beam energies,
Fig. 9(b) shows qualitatively the same effect, but the values of
P/T are approximately three times smaller.
The increase in symmetric-peaked fission with NM is in
agreement with the results and conclusion in Ref. [20], where
higher entrance-channel magicity was suggested to increase
the symmetric fission contribution under the condition of good
N/Z matching. The effect of NM can be explained in terms
of large gaps in the energy levels for closed-shell nuclei. The
higher single-particle level spacing in closed-shell nuclei may
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FIG. 7. Same as Fig. 1 for all Cr + Pb reactions at similar above-barrier energies (E/VB ∼ 1.07). The reactions are ordered in a way similar
to those in Fig. 6.
reduce the dissipation of kinetic energy [32], resulting in a
higher fusion probability.
With increasing beam energy, two effects might attenuate
the influence of NM . Higher average angular momentum
would be expected to increase the probability of the shorter
sticking time events (quasifission) at the expense of the
FIG. 8. Symmetric fission fraction at below-barrier energies as a
function of magicity for all five reactions.
long-lived symmetric-peaked fission (slow quasifission and/or
fusion-fission). Even for the low-angular-momentum events,
the increased relative velocity at contact (due to increasing
energy) may increase the strength of energy dissipation and
FIG. 9. Symmetric fission as a function of entrance channel
magicity for the similar N/Z asymmetry for reactions 52,54Cr +
208Pb,52Cr + 206Pb, and 54Cr + 204Pb at similar energies, for E/VB ∼
0.98 (a) and 1.07 (b).
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FIG. 10. Symmetric fission fraction vs N/Z asymmetry for the
same magicity (NM = 2) for reactions 50Cr + 208Pb,52Cr + 206Pb,
and 54Cr + 208Pb.
thus reduce the probability of reaching more compact (long-
lived) configurations. Thus, the observed attenuation of P/T
with E/VB seems reasonable.
2. N/Z matching
To focus on N/Z asymmetry in the present set of reactions,
we consider the three reactions 50Cr + 208Pb, 52Cr + 206Pb,
and 54Cr + 208Pb, each having NM = 2. P/T for these three
reactions is plotted as a function of (N/Z) in Fig. 10.
At below-barrier energies, the value of P/T decreases with
increasing (N/Z) (shown by filled squares). The same trend
is seen even for the highest energies (shown by filled circles) but
overall the values of P/T are smaller, as already discussed. A
large value of(N/Z) can completely eliminate the symmetric
peaked fission.
The observed trends can be understood by considering that
(N/Z) is a good proxy for the relevant transfer reaction Q
values. As suggested in Ref. [20], transfer reactions at an early
stage of the collision will act to attenuate the effects of the
initial NM of the reaction partners by changing their identities.
In Fig. 11, we show Qgg − Qopt values (Qgg is the ground
state Q value and Qopt is the optimum Q value) [33,34] as a
function of (N/Z). Where Qgg − Qopt is positive, transfer to
many excited states is kinematically favorable, and therefore
a high transfer probability is expected. Where Qgg − Qopt is
negative, transfer is not favored, and the reactants are likely to
retain their identity for longer.
For all five reactions mentioned here, stripping of 1n or 2n
and pickup of 1p or 2p have negative Qgg − Qopt, indicating
they will not contribute. The 1n, 2npickup and 1p, 2p stripping
Qgg − Qopt values tend to increase with (N/Z). The 54Cr +
208Pb reaction, with NM = 2, has all nucleon transfer Q-values
negative, such that the N/Z values of the projectile and target
nuclei, though different, can be considered to be well matched.
Consequently it shows a high proportion of symmetric-peaked
fission (see Fig. 10). In contrast, for 50Cr + 208Pb (NM =
2 also), all Q values plotted are positive, which correlates
FIG. 11. Qgg − Qopt of nucleon transfer channels with positive
Q values for the five Cr+Pb reactions as a function of (N/Z).
with the absence of any significant symmetric-peaked fission
component.
V. CONCLUSIONS
In the present study, the effect of entrance-channel spherical
closed shells and N/Z asymmetry on quasifission dynamics
has been studied for the reactions 50,52,54Cr +204,206,208Pb.
By carefully selecting these reactions, we eliminate other
entrance channel effects like charge product, entrance-channel
mass asymmetry, deformation, fissility, etc. The mass distri-
butions for all the five reactions were highly correlated with
angle, indicating a strong presence of quasifission, with a fast
timescale, which is in good agreement with the earlier reported
systematics by du Rietz et al. [15]. At lower energies, a slower
mass-symmetric component was also present for some of the
reactions.
The deducted fractions of symmetric-peaked fission clearly
show a sensitivity to both the number of entrance-channel
spherical closed shells (“magicity”) and the N/Z mismatch
between the target and projectile nuclei, the latter of which is
strongly correlated with Qgg − Qopt and therefore a propensity
for transfer reactions. Large fractions of symmetric fission
appear to require both higher magicity and small (N/Z),
consistent with earlier reports on Ca- and Ti-induced reactions
[20]. Increased magicity allows for greater inter-penetration of
collision partners, and a small (N/Z) ensures the magicity
is not completely destroyed by nucleon transfers early in
the collision. If either the magicity is small or a large value
of (N/Z) drives nucleon transfer (as in 50Cr + 208Pb), the
fraction of symmetric fission is much reduced.
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APPENDIX: EXTRACTING SYMMETRIC FISSION PART
For extraction of the symmetric fission part, the mass ratio
distributions which did not have any peak at MR = 0.5 were
fitted with a background function having the form
f = a0{1 + a1(MR − 0.5) + a3(MR − 0.5)6},
for MR < 0.5
= a0{1 + a1(MR − 0.5) + a2(MR − 0.5)2
+ a4(MR − 0.5)8}, for MR > 0.5, (A1)
where a0,a1,a2,a3, and a4 are free parameters. It is important to
mention here that the exact choice of the background function
need not be unique. It was chosen such that it can give
reasonable fit at higher as well as lower MR values in the range
0.3  MR  0.7 of interest. Lower order terms (MR − 0.5)
and (MR − 0.5)2 were included to fit the background function
near MR = 0.5. The terms (MR − 0.5)6 and (MR − 0.5)8 were
used to reproduce the elastic and deep-inelastic regions only.
To obtain the symmetric fission events, the region from MR =
0.5 ± 0.07 was used, and over this region the contributions
from these two terms are negligible. So, the choice of these
two terms will not affect the symmetric fission extraction.
To obtain the symmetric fission contribution, the two pa-
rameters a1 and a2 are crucial and need to be chosen properly.
The best-fit values of these two parameters showed definite
trends with E/VB for most of mass distributions. The other
two parameters a3 and a4 did not follow such trends as these
two parameters depend on the resolution of the elastic peaks
which can be affected by the target thickness. A simple energy
dependence of the linear and quadratic coefficients [as shown
in Figs. 12(a) and 12(b) respectively] was sought to define
the shape of the fast quasifission component for all reactions.
FIG. 12. Values of parameters a1,a2,a3,a4, used to fit the mass
distributions for 54Cr + 204Pb reactions as a function of E/VB . Red
lines are the fitted values.
Linear and quadratic functions gave a good fit to the four
54Cr + 204Pb measurements. The average χ2 per degree of
freedom of 1.37 for these four measurements confirmed the
adequacy of this functional form. For reactions other than
54Cr + 204Pb, the values of a1(E/VB ) and a2(E/VB ) were
obtained by the fitted linear and parabolic functions and the
remaining parameters (a0,a3,a4) were varied freely along with
the contribution from the Gaussian peak.
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